A systematic analysis is presented of the nanocrystalline structures generated due to the intershell C-C bonding between adjacent concentric graphene walls of multiwalled carbon nanotubes ͑MWCNTs͒. The analysis combines a comprehensive exploration of the entire parameter space determined by the geometrical characteristics of the individual graphene walls comprising the MWCNT with first-principles density-functional theory calculations of intershell C-C bonding and structural relaxation by molecular-dynamics simulation of the resulting nanocrystalline structures. We find that these structures can provide seeds for the nucleation of the cubic-diamond and hexagonal-diamond phase in the form of nanocrystals embedded in the MWCNTs. The resulting lattice structure is determined by the chirality and relative alignment of adjacent graphene walls in the MWCNT. These crystalline phases are formed over the broadest range of nanotube diameters and for any possible combination of zigzag, armchair, or chiral configurations of graphene walls. The key parameter that determines the size of the generated nanocrystals is the chiral-angle difference between adjacent graphene walls in the MWCNT.
I. INTRODUCTION
Hybridization between s and p orbitals in carbon allows it to form a variety of allotropes such as cubic diamond, hexagonal diamond ͑lonsdaleite͒, 1,2 graphite, and fullerenes. 3, 4 Graphite is the most stable allotrope at ambient conditions while naturally occurring cubic diamond is formed at high pressures and temperatures present deep within the earth or through a yet unknown process in interstellar space. 5, 6 Diamond can also be synthesized by compressing graphite to high pressures, 7, 8 irradiating graphitic carbon with ion or electron beams, [9] [10] [11] thermal activation of graphite, 12 or through vacuum plasma deposition from methane and hydrogen at high temperatures. 13 In fact, reactions responsible for the deposition of diamond thin films have been implicated as a possible mechanism for the formation of interstellar diamond dust.
14 Lonsdaleite was first discovered in meteorites and is thought to have formed from graphite by shock compression during terrestrial impact, though formation through direct crystallization in space before entry into the earth's atmosphere has also been suggested. 1, 2, 15 In addition to these familiar allotropes, carbon has been reported to exist in two yet unsolved but presumably cubic structures, commonly referred to as n-diamond and i-carbon. 7, 16, 17 Diffraction evidence for these phases is encountered in carbonaceous materials made by shock compression of graphite or by plasmaassisted deposition of thin films from hydrocarbon and H containing electrical discharges. 7, 16, 18, 19 Hydrogen atoms play a critical role in determining the crystallinity of group-IV materials grown by plasma deposition. For example, nucleation and growth of diamond thin films by plasma deposition from hydrocarbons is possible only when the feed gases are heavily diluted in H 2 or under conditions where atomic H is present in copious amounts. 13, 20 Another example is the amorphous-tonanocrystalline transformation of hydrogenated silicon thin films upon exposure to H atoms from a H 2 plasma. [21] [22] [23] Furthermore, nanometer-size diamonds have been formed from multiwalled carbon nanotubes ͑MWCNTs͒ and carbon onions by exposure to H atoms from a H 2 plasma or electronbeam exposure at or above 1000 K; 9, 24, 25 interactions of H atoms with MWCNTs have been speculated to be responsible for the transformation of MWCNT walls to diamond nanocrystals. 24 The underlying mechanism of the H-induced structural transition in MWCNTs leading to nanocrystalline carbon is not well understood. However, several possible mechanisms for this transition have been proposed, such as the formation of H-induced sp 3 defects in carbon nanotube walls with implications for formation of nanocrystalline carbon. 26 The interactions of H atoms with the graphene walls of MWCNTs can trigger sp 2 → sp 3 C-C bonding transitions. These sp 3 -bonded local structures induced by hydrogen atoms or electron irradiation in MWCNTs can promote intershell C-C bonding and have been implicated to enhance material properties of MWCNTs. 27, 28 The stability of diamond nanocrystals and its size dependence has been discussed extensively in the literature; [29] [30] [31] [32] specifically, diamond nanocrystals have been shown to be the most stable phase of carbon at the nanoscale for clusters with diameters ranging from ϳ1.9 to ϳ5.2 nm. 32 The stability of the one-dimensional equivalent nanostructures, namely, diamond nanowires, both monolithic and in the form of hollow cylinders, also has been investigated thoroughly. [33] [34] [35] [36] [37] It has been demonstrated that the stability of these nanowires is a function of their diameter, their surface morphology, as well as the crystallographic direction of their principal axes. The above-mentioned studies refer to isolated nanocrystals [29] [30] [31] [32] or practically infinitely long diamond nanowires. [33] [34] [35] [36] [37] Here, we focus on the formation of diamond nanostructures consisting of diamond nanocrystals embedded into MWCNTs.
The purpose of this paper is to analyze the structures generated as a result of the intershell C-C bonding of adjacent, concentric graphene walls of MWCNTs. We demonstrate that these structures can provide seeds for the nucleation of cubic-and hexagonal-diamond nanocrystals and that the chirality and relative alignment of the adjacent MWCNT graphene walls determine the lattice structure of the resulting crystalline phase. In addition, we show that the formation of diamond nanocrystals is possible over the broadest range of nanotube diameters and through any arrangement of adjacent graphene walls, i.e., for all possible combinations of zigzag, armchair, or chiral graphene wall configurations to within a certain range of the difference in the chiral angles between adjacent graphene walls in the MWCNT.
The paper is structured as follows. Section II outlines the computational methods employed in our analysis of intershell C-C bonding in MWCNTs, including first-principles density-functional theory ͑DFT͒ calculations and structural relaxation based on molecular-dynamics ͑MD͒ simulation. In Sec. III, the results of our analysis are presented and discussed. In Sec. III A, a systematic presentation is given of all the relevant geometrical aspects of C-C bond formation between adjacent concentric graphene walls by spanning the entire space of geometrical parameters as determined by the indices ͑m , n͒ ͑Ref. 38͒ of the individual nanotubes involved; our DFT calculations of intershell C-C bonding in MWCNTs and analysis of the resulting relaxed structures are presented in Sec. III B; our MD computations of structurally relaxed seeds for nucleation of crystalline carbon phases through intershell C-C bonding in MWCNTs are presented in Sec. III C. Finally, the main conclusions of our study are summarized in Sec. IV.
II. COMPUTATIONAL METHODS
The first step in our analysis consists of a general, systematic geometrical study of adjacent concentric graphene walls in MWCNTs focusing on the range of possibilities for intershell C-C bonding and its implications for the crystalline structures that can be nucleated through such a process; this is presented in Sec. III A. Subsequently, we use a synergistic combination of MD simulations with first-principles DFT calculations in order to relax fully and characterize in detail the nanostructures that can be nucleated as a result of such bond formation.
First-principles DFT calculations 39, 40 were conducted within the generalized gradient approximation, 41 employing the supercell approximation, ultrasoft pseudopotentials, 42 and plane-wave basis sets 43 as implemented in the commercial code VASP. 44 This level of theoretical calculations was used for the study of intershell interactions and C-C bonding between adjacent graphene walls in MWCNTs, as well as the detailed analysis of bulk crystalline carbon phases. The results of intershell C-C bonding reported in Sec. III B are based on DFT calculations that employed a supercell consisting of 180 C atoms arranged to form three concentric CNTs with indices ͑6,0͒, ͑15,0͒, and ͑24,0͒, i.e., a ͑6,0͒@͑15,0͒@͑24,0͒ CNT configuration, a vacuum region between neighboring ͑periodic-image͒ MWCNTs that was at least 15 Å in thickness, and continuity in the axial direction. In addition, we conducted DFT calculations of intershell C-C bonding and the formation of nanocrystalline seeds for nucleation of the cubic-diamond and hexagonal-diamond ͑lonsdaleite͒ phases in CNTs of larger diameters up to 1.4 nm and confirmed that the curvature effects were minimal on the outcome of this analysis. In particular, for concentric CNTs with indices ͑6,0͒@͑15,0͒ and ͑18,0͒@͑27,0͒, with spacing between the CNT walls of 3.53 Å, nuclei for crystalline carbon phases were generated as well through intershell C-C bonding.
The results reported in Sec. III B are based on DFT calculations with a kinetic-energy cutoff of 350 eV and two k points in the relevant irreducible wedge of the first Brillouin zone. To calculate the total energies of the geometrically optimized configurations, the supercell was relaxed using a conjugate gradient algorithm until the differences in electronic and ionic self-consistent energies were lower than 10 −3 and 10 −2 eV, respectively. For DFT calculations of bulk carbon structures, a kinetic-energy cutoff of 550 eV was used and k-point sampling for each structure was carried out using a 16ϫ 16ϫ 16 Monkhorst-Pack grid. 45 The corresponding optimal lattice parameters were determined by supercell edge size relaxation calculations. In all of our DFT calculations, systematic convergence tests were conducted ͑with respect to supercell size, kinetic-energy cutoff, and k-point grid resolution͒ in order to guarantee the precision of the reported results. In both MWCNTs with intershell C-C bonding and bulk crystalline carbon phases, the local bonding environment also was analyzed by visualizing planar sections of the three-dimensional valence electron-density distribution.
In our MD simulations of intershell C-C bonding and accompanying structural relaxation, the interatomic interactions were described by the adaptive intermolecular reactive empirical bonding order ͑AIREBO͒ potential. 46 AIREBO is a modified version of Brenner's reactive empirical bonding order potential 47, 48 and has been used in previous studies for modeling solid carbon and hydrocarbon molecules. 46, 49 In the MD simulations, the classical equations of motion were integrated using a leapfrog Verlet algorithm and time-step sizes of approximately 1.0 fs. All the MD simulations were conducted at constant temperature and ͑zero͒ pressure using the Berendsen thermostat and barostat 50 for temperature and pressure control. In our MD computations of intershell C-C bonding, periodic boundary conditions were applied in the axial direction of the CNTs. Periodic boundary conditions in all three directions ͑i.e., bulk supercells͒ were employed for MD computations in bulk crystalline phases.
We have tested and validated the AIREBO potential predictions extensively for their quantitative accuracy through comparisons with first-principles DFT calculations for the structure and properties of bulk crystalline carbon phases, as well as for chemisorption of H atoms on CNTs.
26,51,52 Some representative results from this comparative study are shown in Table I , where our AIREBO-MD and our first-principles DFT predictions for the lattice parameters and cohesive energies of crystalline carbon phases are compared. In addition, we have carried out systematic comparisons between our AIREBO-MD predictions of fully relaxed structures resulting from intershell C-C bonding in MWCNTs and the corresponding predictions of our DFT calculations for the same MWCNT configurations. In general, the AIREBO predictions are in excellent qualitative agreement and in very good quantitative agreement with the DFT calculations; the agreement is excellent in comparing overall structure, average bond lengths and bond angles, and energetic ordering ͑rela-tive stability͒ of crystalline phases and it is very good in comparing lattice parameters, individual bond lengths and bond angles, and energy differences between crystalline phases.
III. RESULTS AND DISCUSSION

A. Geometrical parameters controlling C-C bonding between adjacent graphene walls of MWCNTs
First, we conducted a systematic geometrical analysis to map out the range of possibilities for intershell C-C bonding and considered the implications of such bonding for the resulting crystalline structures. Such a geometrical analysis provides general fundamental principles for the possible atomic structures that may be formed through intershell C-C bonding, regardless of the level of theory involved in the description of interatomic interactions. This generality can be achieved by spanning the space of parameters responsible for the geometrical features of each individual, concentric nanotube in the MWCNT; this parameter space is determined by each individual nanotube's indices ͑m , n͒. The only constraint in this geometrical analysis is that the spacing between adjacent nanotubes in the MWCNT is kept at ϳ3.4 Å; this intertube spacing is consistent with experimentally measured distances between adjacent graphene walls in MWCNTs, as well as between parallel graphene sheets. 53 Initially, we consider such geometrical possibilities by examining parallel planar sheets of graphene and then generalize the analysis to the curved space of MWCNTs. Figure 1 shows three possible alignments between two adjacent graphene planes together with the relaxed structures generated, in each case of alignment, by the formation of interplanar C-C bonds; how the structural relaxation has been carried out ͑i.e., from first principles or according to an empirical force field͒ is of secondary importance for this discussion. In the configuration of Fig. 1͑a͒ , the relative positions of the hexagonal cells of each plane show that the two graphene planes are displaced with respect to each other in the y direction of a Cartesian frame of reference by a distance equal to one side length of the regular hexagon; these hexagonal cells correspond to graphene six-member rings consisting of sp 2 -bonded C atoms and the side of the regular hexagon has length equal to the sp 2 C-C bond length. In the configuration of Fig. 1͑b͒ , the hexagonal cells of the two parallel graphene planes overlap fully when projected onto the same ͑x , y͒ plane normal to the z direction. In the configuration of Fig.  1͑c͒ , the two graphene planes are displaced with respect to each other in the y direction by one half of the sp 2 C-C bond length. In the bonded configurations shown in Figs. 1͑a͒ and 1͑b͒, the C-C bonds form in the z direction between interplanar nearest neighbors. In Fig. 1͑a͒ , the interplanar bonded region resembles closely the structure of the cubic-diamond phase and can be viewed as a seed unit for the nucleation of this phase from interacting graphene planes. In contrast, the interplanar bonded region of Figs. 1͑b͒ and 1͑c͒ resemble the structure of the hexagonal-diamond phase ͑lonsdaleite͒ and can be viewed as seed units for hexagonal-diamond formation due to the interplanar interactions of parallel graphene sheets.
Compared to the case of parallel graphene planes, the number of geometrical possibilities is much larger in MWCNTs. Specifically, in a MWCNT, for a given pair of adjacent concentric graphene walls of given chiralities, it is possible to find regions characterized by each one of the relative alignments depicted in Fig. 1 . Consequently, in the same MWCNT, different types of local crystalline structures may be generated due to intershell C-C bonding, depending on the local alignment of the graphene walls at the sites TABLE I. Comparison between AIREBO and first-principles DFT predictions of the equilibrium lattice parameters and cohesive energies of the cubic-diamond, hexagonal-diamond ͑lonsdaleite͒, and graphite crystalline phases. The cohesive energy differences given in parentheses are expressed with respect to the cohesive energy of graphite. Comparisons of the lattice-parameter predictions and predictions of the cohesiveenergy ordering ͑relative stability between phases͒ confirms good agreement between AIREBO and DFT in describing bulk crystalline carbon phases. 
FIG. 1. ͑Color online͒ Three possible alignments, ͑a͒, ͑b͒, and ͑c͒, between two adjacent graphene planes and respective local structures generated by the formation of interplanar C-C bonds. In each case, different planar views are displayed in a Cartesian frame of reference. Dark gray ͑blue online͒ and black spheres are used to denote C atoms on the two adjacent graphene planes, respectively, that are bonded to each other.
bridged by the intershell C-C bonds; these structures may grow to form nanocrystals separated by phase boundaries. For illustration purposes, we consider the simplest possible case, namely, double-walled CNTs ͑DWCNTs͒ with two concentric graphene walls of the same chirality.
To identify the type of local crystalline structure that is the most likely to be formed in a certain region of the DWCNT around a chosen point at the outer graphene wall, we use images that represent "relative alignment maps;" for a given pair of nanotube walls, these maps depict the regions of the DWCNT where a certain relative alignment between the walls is found according to detailed geometrical criteria. Figure 2͑a͒ shows the top view of such a relative alignment map for two pairs of armchair nanotubes arranged concentrically; a larger one, ͑50,50͒@͑55,55͒, and a smaller one, ͑30,30͒@͑35,35͒. In each of these pairs of nanotubes, the alignments of the atoms marked in black and dark gray ͑blue online͒ with respect to their nearest neighbors in the adjacent nanotube are consistent with those depicted in Figs. 1͑a͒ and 1͑b͒, respectively, for neighboring atoms between adjacent graphene planes; these are denoted as type-I and type-II alignment, respectively. It is evident that the same type of relative alignment can be found in different regions of the nanotube. For the case under consideration, the clusters of atoms with the same relative alignment with respect to their neighbors in the adjacent nanotube have a finite size in the direction and an infinite size along the nanotube axis ͑i.e., limited by the actual CNT length͒; is the polar angle in a cylindrical-coordinate description of the CNTs, ranging from 0 to 2, with the nanotube axis taken along the z direction. Figures 2͑b͒ and 2͑c͒ show close planar views for two distinct regions of the DWCNT, highlighting the two different types ͑II and I, respectively͒ of relative alignment. Figure 2͑a͒ also shows that the clusters of atoms with each type of relative alignment between graphene walls occur periodically as the circumference of the DWCNT is spanned along . For a pair of armchair nanotubes, there are five regions with type-I alignment and five regions with type-II alignment in a pattern of alternating alignment type ͑. . .I-II-I-II. . .͒. In a MWCNT, this number of regions is the same for any pair of adjacent armchair nanotubes, which satisfies the requirement of having an intertube spacing of ϳ3.4 Å; for concentric armchair configurations, this spacing corresponds to combinations of ͑n , n͒ @ ͑n +5,n +5͒ graphene walls. As the diameter of the nanotube increases, the size of each individual region ͑cluster of atoms with ͑Color online͒ ͑a͒ Top view of relative alignment maps for two pairs of armchair nanotubes, ͑30,30͒@͑35,35͒ and ͑50,50͒@͑55,55͒, arranged concentrically. The dotted lines are used to mark the regions ͑a total of ten͒ where a certain alignment, type I or type II, is favored. ͓͑b͒ and ͑c͔͒ Front views of the ͑50,50͒@͑55,55͒ DWCNT in ͑b͒ a region where type-II alignment is favorable and ͑c͒ a region where type-I alignment is favorable. ͓͑d͒ and ͑e͔͒ Top views of the ͑50,50͒@͑55,55͒ DWCNT with close views of the local structures generated by intershell C-C bond formation in ͑d͒ one of the regions shaded dark gray ͑colored blue online͒ in ͑a͒ where type-II alignment is favorable and ͑e͒ one of the regions colored black in ͑a͒ where type-I alignment is favorable. ͑f͒ Angle ␣ used for determining the possible alignment type according to the criteria described in the text. ͑g͒ Misalignment angle between nearest-neighbor atoms in different adjacent concentric nanotube graphene walls as a function of the polar angle in a cylindrical frame of reference for the sections marked in ͑a͒.
given-type alignment͒ also increases; however, the number of such regions remains always the same. This trend is evident in Fig. 2͑a͒ .
Figures 2͑d͒ and 2͑e͒ depict the local structures resulting from the creation of intershell C-C bonds in two different regions among the ten ones shown in Fig. 2͑a͒ for the ͑50,50͒@͑55,55͒ DWCNT; these structures have been relaxed after bonding using AIREBO MD. The intershell bonded structure of Fig. 2͑d͒ corresponds to a type-II alignment and resembles the lattice structure of the hexagonaldiamond phase while that of Fig. 2͑e͒ corresponds to a type-I alignment and resembles the lattice structure of the cubicdiamond phase.
Analogous patterns also occur in pairs of adjacent zigzag graphene walls. However, in such an arrangement of nanotubes, there are nine regions with specific alignment in a pattern of alternating alignment types ͑as opposed to five in the case of armchair graphene walls discussed above͒. This is the case for any pair of adjacent zigzag nanotubes in a MWCNT where the intertube spacing is ϳ3.4 Å; for concentric zigzag configurations, this spacing corresponds to combinations of ͑n ,0͒ @ ͑n +9,0͒ graphene walls.
It should be emphasized that, over the extent of each region marked in the relative alignment maps, the relative alignment between the adjacent graphene walls is not as perfect as depicted in the planar geometry of Fig. 1 . There may be slight deviations from the ideal alignment of each type, which still facilitate the formation of the corresponding intershell bonded local structures. To determine the relative alignment type that is most suitable for a given atom on a wall of the DWCNT, we used two criteria. To apply the first criterion, we find the atom in the outer layer that is the closest to a given atom in the inner layer, as well as the relative orientation of the ͑three͒ sp 2 C-C bonds formed by each one of these atoms in the individual nanotubes. If the sp 2 bonds in one graphene wall are parallel to those in the other wall and point ͑outwards from the atom under consideration͒ to the same direction, a type-II alignment is favored; on the other hand, if the sp 2 bonds in the two graphene walls are parallel but point to opposite directions, a type-I alignment is favored. A tolerance must be prescribed in assessing the bonds as being "parallel." Structural relaxations on bonded graphene planes showed that deviations from being parallel up to angles ␣ = 30°allow the formation of interplanar C-C bonds; this angle ␣ is depicted in Fig. 2͑f͒ for both types of alignment. The second necessary criterion is derived from the angle ␤ formed between the line connecting the intershell nearest-neighbor pair of atoms and the projection of the atom of the inner layer on the outer one along the radial direction, which is used as a metric for the degree of alignment. For two perfectly aligned points, the aforementioned projected point and the nearest-neighbor atom in the outer layer coincide and ␤ = 0. By analyzing the relative alignment of atoms for two graphene walls of the same chirality, we can define a maximum misalignment angle that determines the preference for a certain type of relative alignment. This critical value corresponds to an atom of the inner graphene wall that forms the same angle with two different neighboring atoms of the outer graphene wall, with each one resulting in a different type of alignment ͑I or II͒ after intershell bonding. Figure   2͑g͒ shows the dependence of this misalignment angle on the polar coordinate of the atoms on the outer nanotube; the star marked in Fig. 2͑a͒ corresponds to = 0°. Three curves are identified in the plot of Fig. 2͑g͒ corresponding to the regions marked in Fig. 2͑a͒ . The central atom of each blue region in the outer tube is aligned perfectly with an atom in the inner tube ͑a misalignment angle of 0°͒, corresponding to the minimum of each blue curve. The misalignment angle increases as changes from its value at that central point, until the type of alignment changes. For the black regions, the plotted curve exhibits two minima, corresponding to two regions of the same alignment connected to each other with a maximum ͑essentially a discontinuity͒ at the middle point.
One important point that should be considered is that, in an actual MWCNT, two adjacent graphene walls do not necessarily have the same chirality. It has been observed experimentally that there is no correlation between the chiral angles, , of adjacent graphene walls in MWCNTs; 54 in addition, the difference between the chiral angles of each nanotube can range from small to large values. However, we can show that it is possible to find the same types of relative alignment discussed above for pairs of graphene walls of different chiralities, provided that the difference in the chiral angle between the two walls, ⌬ ϵ͉ inner − outer ͉, is not too large.
At this point, it is worth pointing out the analogy between our relative alignment maps and the concept of the Moiré pattern that results from the rotation of one graphene plane with respect to another: this leads to a new periodic structure that has the same symmetry with the original hexagonal lattice, but a larger periodicity; the observation of superlattices on graphite in scanning tunneling microscopy images [55] [56] [57] [58] has been attributed to such Moiré patterns. The unit cells of these Moiré patterns have been shown to correspond to domains of the structure with a certain type of stacking of two subsequent planes. 56, 57 In other words, if two adjacent graphene planes are rotationally misoriented, the three types of alignment depicted in Fig. 1 will be present in the structure. In order to find the size and distribution of the regions with a desired alignment throughout the DWCNT, relative alignment maps analogous to those depicted in Fig. 2͑a͒ were generated for a broad range of combinations of graphene walls, using the criteria defined before.
It must be mentioned that the periodicity of the resulting Moiré superperiodic lattice, D, is related to the periodicity of the original hexagonal lattice, d, by the expression D = d / ͓2 sin͑ / 2͔͒, where is the rotation angle. In the case of DWCNTs, corresponds to the difference in the chiral angles between the adjacent layers, ⌬. The Moiré pattern periodicity, D, can be related to the size of the resulting domains with a certain relative alignment for a given value of ⌬. However, in the curved space of CNTs, a direct application of this rule is not trivial in the sense that quantitative differences arise in different cases ͑different tube diameters, chiralities, and misalignment angle variations͒. Consequently, in our analysis, we relied on numerical determination of the relative alignment maps and the sizes of the resulting domains/clusters following the same methodology employed in the case where two adjacent walls have the same chirality ͑analogous to aligned planes or =0͒.
To demonstrate the possibility of finding the same types of relative alignment ͑types I and II͒ for pairs of graphene walls of different chiralities, relative alignment maps analogous to those depicted in Fig. 2͑a͒ were generated for a broad range of combinations of graphene walls; this included zigzag@chiral, armchair@chiral, and chiral@chiral DWCNTs for different diameters and different values of ⌬. The CNT indices for the various pairs of walls were chosen to satisfy the constraint that the intertube spacing must be ⌬r ϳ 3.4 Å ͑in this study, we used ⌬r = 3.45Ϯ 0.10 Å͒. Relative alignment maps for different combinations of DWCNT indices are shown in Figs. 3-5. From these maps, it is evident that for a pair of graphene walls with a chiralangle difference ⌬ 0, the regions of atoms with the same intershell alignment type are finite in size and form clusters arranged in a periodic pattern throughout the nanotube. Figure 3 shows maps for pairs of chiral nanotubes with practically the same average diameter D and ⌬ ranging from 3.88°to 16.8°. From the analysis of these maps, we conclude that the size of the clusters of atoms with the same type of relative alignment depends strongly on the value of ⌬; specifically, the cluster size increases as ⌬ decreases. Obviously, when ⌬ → 0 ͑cases analyzed in Fig. 2͒ , the resulting regions have an infinite size ͑i.e., limited by the actual CNT length͒. Figure 4 shows that the size of these clusters does not change appreciably as the average DWCNT diameter increases. In conjunction with the results of Fig. 3 , this trend implies that the size of the local intershell bonded structures is limited only by the chiral-angle difference ⌬. Consequently, nanotubes of larger diameter are characterized by a larger number of clusters of atoms with certain alignment but not of larger size. Figure 5 demonstrates that the size of these clusters is independent of the individual chiral angles of the adjacent graphene walls; in summary, combining the results of Figs. 3-5 leads to the conclusion that the chiral-angle difference ⌬ is the key parameter that determines the maximum size of the clusters with the same type of intershell alignment. From the analysis of the maps of Fig. 3 , it is evident that the size of the regions aligned according to the same type decreases abruptly as ⌬ increases. Around a value of ⌬ = 16°, the number of atoms in such a cluster decreases to six, i.e., enough to form just three intershell bonds such as those in the structures of Fig. 1 . In order to quantify this trend, the dependence on the chiral-angle difference ⌬ of the maximum size of clusters with type-II alignment ͓dark gray ͑blue online͒ regions͔ is plotted in Fig. 6 . For all the DWCNT diameters examined, the cluster size is determined from the number of hexagonal cells in the regions under consideration. For each DWCNT, the size of the blue regions is the same as that of the black regions. This plot also emphasizes our previous conclusion that the sizes of the local intershell bonded structures, as measured by the size of samealignment intershell clusters, are limited only by the chiralangle difference ⌬ of the adjacent graphene walls.
B. DFT analysis of intershell C-C bonding in MWCNTs
Our first-principles DFT analysis of intershell C-C bonding in pristine MWCNTs aims at providing insights and reaching quantitative conclusions regarding the formation of seed structures for the nucleation of nanocrystalline diamond phases. Here, we report representative results of our DFT analysis focusing on interactions between the concentric graphene walls of the triple-walled CNT ͑TWCNT͒ ͑6,0͒@͑15,0͒@͑24,0͒. In the structurally optimized configuration of this pristine TWCNT, the interwall distances between the ͑6,0͒ and ͑15,0͒, and the ͑15,0͒ and ͑24,0͒ nanotubes are equal to 3.4 Å. The results of the DFT analysis are shown in Figs. 7 and 8 . The analysis confirms that specific alignments of concentric graphene walls result in the formation of intershell C-C bonds in MWCNTs that constitute the seed units for the nucleation of specific crystalline C phases. These specific alignments are consistent with those described in Sec. III A. FIG. 7. ͑Color online͒ Structure resulting from intershell C-C bonding in a MWCNT according to first-principles DFT calculations. ͓͑a͒-͑d͔͒ Optimized atomic configuration of MWCNT with indices ͑6,0͒@͑15,0͒@͑24,0͒, i.e., with ͑6,0͒, ͑15,0͒, and ͑24,0͒ concentric inner ͓shaded very dark gray ͑colored in blue online͔͒, middle ͓shaded dark gray ͑colored in green online͔͒, and outer ͓shaded gray ͑colored in gray online͔͒ nanotubes, respectively, depicting intershell C-C bonding. ͑a͒ Top view along the axial direction. ͑b͒ Cross-sectional view on the symmetry plane. Very dark gray ͑blue online͒, dark gray ͑green online͒, gray, and light gray ͑yellow online͒ spheres denote C atoms. The light-gray shaded ͑yellow-colored online͒ C atoms highlight the seed unit for the nucleation of a bulk phase of hexagonal diamond ͑lonsdaleite͒. ͑c͒ VED distribution on a plane perpendicular to the axial direction of the MWCNT. ͑d͒ VED distribution on a plane parallel to the axial direction of the MWCNT containing the atoms labeled C1, C2, and C3 in ͑a͒ and ͑b͒. The VED distributions in ͑c͒ and ͑d͒ highlight the intertube interactions and reveal the intershell C-C bonding and the accompanying shell distortions and structural relaxations ͓e.g., region enclosed by the triangle in ͑c͔͒. ͑e͒ Lonsdaleite lattice. ͑f͒ VED distribution for the lonsdaleite phase on the plane of C atoms labeled C4, C5, and C6 in ͑e͒. In ͑b͒ and ͑e͒, the numbers shown indicate interatomic distances or lattice parameters in Å. In ͑c͒, ͑d͒, and ͑f͒, the VED increases as the color changes from red ͑zero VED͒ to blue. For interpretation of the referneces to color in the VED distributions, the reader is referred to the online version of this article. Figure 7 shows results of intershell C-C bonding in the TWCNT that may lead to the nucleation of the hexagonaldiamond phase; the atoms constituting the seed unit for the hexagonal-diamond phase nucleation are colored yellow in Fig. 7͑a͒ . In this case, the adjacent graphene walls of the ͑6,0͒ and ͑15,0͒ nanotubes are displaced with respect to each other in the axial direction by a distance equal to one half of the sp 2 C-C bond length, i.e., an alignment consistent with that of Fig. 1͑c͒ , and the graphene walls of the ͑6,0͒ and ͑24,0͒ nanotubes have overlapping hexagonal cells if projected onto the same plane normal to the radial direction, i.e., an alignment consistent with that of Fig. 1͑b͒ . The resulting intershell C-C bonding in this specific alignment leads to a structural configuration that resembles stacking of planes in a manner equivalent to the . . .ABAB. . . stacking in the hexagonal-diamond phase. Figures 7͑a͒ and 7͑b͒ depict intershell C-C bonds between the ͑6,0͒ and ͑15,0͒ nanotubes and between the ͑15,0͒ and ͑24,0͒ nanotubes; the presence of subsequent outer nanotubes may lead to the formation of a larger nanocrystal, as discussed in our MD studies of Sec. III C. The configuration depicted in Figs. 7͑a͒ and 7͑b͒ consists of six-member rings of C atoms due to the local tetrahedral geometries. The intershell interactions and the resulting local sp 3 bonding are highlighted by the valence electron-density ͑VED͒ distributions of Figs. 7͑c͒ and 7͑d͒; this bonding is characterized by an average bond length and bond angle of 1.56 Å and 109.31°, respectively. Evidence of strong intershell C-C bonding is provided by the shared electronic charge in the region enclosed by the dashed triangle in Fig. 7͑c͒ . Figure 7͑e͒ shows the crystalline lattice of the bulk hexagonal-diamond phase ͑lonsdaleite͒; the corresponding electronic structure is depicted in the VED distribution of Fig. 7͑f͒ . The nearly identical local bonding environment shown in the VED distributions of Figs. 7͑d͒ and 7͑f͒, corresponding to the intershell bonded TWCNT and the bulk hexagonal-diamond phase, confirms the possibility of formation of hexagonal diamond as a result of intershell interactions leading to intershell C-C bonding in MWCNTs.
In a similar manner, Fig. 8 shows DFT results of intershell C-C bonding in the ͑6,0͒@͑15,0͒@͑24,0͒ TWCNT that may lead to the nucleation of the cubic-diamond phase. In this case, the adjacent graphene walls of the ͑6,0͒ and ͑15,0͒ nanotubes are displaced with respect to each other in the axial direction by a distance equal to one sp 2 C-C bond length and the graphene walls of the ͑15,0͒ and ͑24,0͒ nanotubes are further displaced by a distance equal to one sp 2 C-C bond length; as a result, the three carbon nanotubes have the relative alignment depicted in Fig. 1͑a͒ . The intershell C-C bonds between the adjacent graphene walls of the TWCNT are shown in Fig. 8͑a͒ and in the close view of Fig.  8͑b͒ . The intershell C-C bonding in this specific alignment leads to a structural configuration that resembles stacking of planes in a manner equivalent to the . . .ABCABC. . . stacking in the cubic-diamond phase. The VED distributions in Figs. 8͑c͒-8͑e͒ highlight the intershell interactions and the resulting local sp 3 bonding between the adjacent graphene walls of the TWCNT. In order to characterize the resulting crystalline phase of carbon that may be nucleated from this crosslinking of CNTs, we examine the close view of a small region, Fig.  8͑b͒ , from the original supercell shown in Fig. 8͑a͒ . The local ͑top͒ gray tetrahedral unit that is shown to have formed in Fig. 8͑b͒ has an average bond length and bond angle of FIG. 8. ͑Color online͒ Structure resulting from intershell C-C bonding in a MWCNT according to first-principles DFT calculations. ͑a͒-͑e͒ Optimized atomic configuration of a ͑6,0͒@͑15,0͒@͑24,0͒ MWCNT with ͑6,0͒, ͑15,0͒, and ͑24,0͒ concentric inner ͓shaded very dark gray ͑colored in blue online͔͒, middle ͓shaded dark gray ͑colored in green online͔͒, and outer ͓shaded gray ͑colored in gray online͔͒ nanotubes, respectively, depicting intershell C-C bonding. ͑a͒ Top view along the axial direction. ͑b͒ Only a small region from the original supercell in ͑a͒ is shown highlighting the seed unit for the nucleation of a cubicdiamond crystal. Very dark gray ͑blue online͒, dark gray ͑green online͒, and gray spheres denote C atoms. ͑c͒ VED distribution on a plane perpendicular to the axial direction of the MWCNT. ͑d͒ VED distribution on another plane perpendicular to the axial direction of the MWCNT. ͑e͒ VED distribution on a plane containing the atoms labeled C7, C8, and C9 in ͑a͒ and ͑b͒. The VED distributions in ͑c͒, ͑d͒, and ͑e͒ highlight the intertube interactions and reveal the intershell C-C bonding and the accompanying shell distortions and structural relaxations. ͑e͒ Cubic-diamond lattice. ͑f͒ VED distribution for the cubic-diamond phase on the plane of C atoms labeled C12, C13, and C14 in ͑f͒. In ͑b͒ and ͑f͒, the numbers shown indicate interatomic distances or lattice parameters in Å. In ͑c͒, ͑d͒, ͑e͒, and ͑g͒, the VED increases as the color changes from red ͑zero VED͒ to blue. For interpretation of the references to color in the VED distributions, the reader is referred to the online versiion of this article.
1.56 Å and 109.33°, respectively, while the ͑bottom͒ tetrahedral unit shown in dark gray ͑blue online͒ has an average bond length and bond angle of 1.55 Å and 109.42°, respectively. This local structural unit that has formed from intershell interactions in the ͑6,0͒@͑15,0͒@͑24,0͒ TWCNT provides the seed unit for the nucleation of the cubic-diamond phase. The crystalline lattice of the bulk cubic-diamond phase is shown in Fig. 8͑f͒ . The similarities in the bonding environment of the seed unit of Figs. 8͑a͒ and 8͑b͒ with that of the bulk cubic-diamond phase, Fig. 8͑f͒ , are evident by comparing the VED distributions of Figs. 8͑e͒ and 8͑g͒ . The VED distribution of Fig. 8͑e͒ is in the plane of carbon atoms labeled C7, C8, and C9 in the TWCNT configuration of Fig.  8͑a͒ while the VED distribution of Fig. 8͑g͒ corresponds to the bulk cubic-diamond phase.
C. MD-generated structurally relaxed intershell bonded nanocrystalline structures embedded in MWCNTs
Our DFT analysis of Sec. III B examined the possibility of nucleation of crystalline diamond phases through intershell C-C bonding in a representative MWCNT configuration. Here, we explore further the nucleation and growth of such crystalline C phases over the broadest range of CNT geometrical parameters building on the geometrical findings of Sec. III A. Given our testing and validation of the AIREBO potential for this study in Sec. II, we generated structurally relaxed intershell bonded nanocrystalline structures based on MD computations with interatomic interactions described by the AIREBO potential. This AIREBO-MD-based structural relaxation procedure allowed for the computationally efficient exploration of the parameter space, including MWCNT configurations of sizes much larger than those that can be handled easily by first-principles DFT analysis.
Representative results of a systematic and comprehensive structural relaxation study of intershell bonded nanocrystalline structures embedded in DWCNTs are shown in Figs. 9-11. This study spanned a broad range of the parameter space discussed in Sec. III A. In each of the cases shown in Figs. 9-11, two regions of the DWCNT are chosen characterized by relative ͑intershell͒ alignments of type I and type II, respectively. To aid in the visualization of the resulting intershell bonded relaxed structures, we have used a local frame of reference appropriate for the structural analysis of each region and generated different planar views using the corresponding local coordinate system. In all cases in Figs. 9-11, consistent with the findings of Sec. III A, the relaxed intershell bonded structures in DWCNT regions of type-I and type-II alignment are nanocrystalline regions that can be viewed as seeds for the nucleation of the cubic-diamond and hexagonal-diamond phase, respectively.
The cases depicted in Figs. 9-11 correspond to DWCNTs of similar average diameter but different combinations of graphene wall configurations and different values of ⌬. In Figs. 9-11 , the graphene wall combinations are armchair@chiral, chiral@chiral, and zigzag@chiral, respectively; the specific DWCNT indices in Figs. 9-11 are ͑63,63͒@͑81,54͒, ͑99,9͒@͑90,36͒, and ͑110,0͒@͑95,38͒, respectively, and the corresponding ⌬ values are 6.6°, 11.8°, and 16.1°. By comparing the configurations of Figs. 9-11, it is evident that their main difference is in the size of the . ͑Color online͒ Representative MD-relaxed local structures formed by the creation of intershell C-C bonds in a DWCNT with indices ͑63,63͒@͑81,54͒ and ⌬ = 6.6°. ͑a͒ Regions of the DWCNT where these relaxed structures are created, marked with black and blue circles, and local coordinate vectors used for structural analysis and visualization. Only the outer nanotube of the DWCNT is shown for clarity and the gray shading ͑coloring online͒ scheme is consistent with that of Fig. 3 . ͓͑b͒ and ͑c͔͒ Local structures that can act as seeds for the nucleation of ͑b͒ the cubicdiamond phase and ͑c͒ the hexagonal-diamond phase, extracted from the DWCNT. ͓͑d͒ and ͑e͔͒ Different planar views, ͑i͒, ͑ii͒, ͑iii͒, and ͑iv͒, of the structures given in ͑b͒ and ͑c͒, respectively, using the local coordinates defined in ͑a͒. In ͑b͒-͑e͒, light and dark gray ͑orange and green online͒ spheres are used to represent carbon atoms belonging to the outer and inner nanotube of the DWCNT, respectively. FIG. 10. ͑Color online͒ Representative MD-relaxed local structures formed by the creation of intershell C-C bonds in a DWCNT with indices ͑99,9͒@͑90,36͒ and ⌬ = 11.8°. ͑a͒ Regions of the DWCNT where these relaxed structures are created, marked with black and blue circles, and local coordinate vectors used for structural analysis and visualization. Only the outer nanotube of the DWCNT is shown for clarity and the gray shading ͑coloring online͒ scheme is consistent with that of Fig. 3 . ͓͑b͒ and ͑c͔͒ Local structures that can act as seeds for the nucleation of ͑b͒ the cubicdiamond phase and ͑c͒ the hexagonal-diamond phase, extracted from the DWCNT. ͓͑d͒ and ͑e͔͒ Different planar views, ͑i͒, ͑ii͒, ͑iii͒, and ͑iv͒, of the structures given in ͑b͒ and ͑c͒, respectively, using the local coordinates defined in ͑a͒. In ͑b͒-͑e͒, light and dark gray ͑orange and green online͒ spheres are used to represent carbon atoms belonging to the outer and inner nanotube of the DWCNT, respectively. nanocrystals generated due to the intershell C-C bonding. Consistent with the results of Figs. 3-6 , the resulting nanocrystal size decreases as the chiral-angle difference ⌬ increases. Moreover, close inspection of the borders of these nanocrystalline regions shows the increased misalignment between the two graphene walls compared to their alignment inside the nanocrystalline regions; this confirms further the finite sizes expected of these seed units formed due to intershell C-C bonding between adjacent graphene walls of random chiral-angle combinations in MWCNTs.
In all the structurally relaxed intershell bonded nanostructures that we generated, we computed the energy difference, ⌬E, between the original MWCNT and the resulting fully relaxed intershell bonded structures; the original MWCNT structure always corresponds to the lowest-energy state. In all cases, the results of this energetic analysis and their implications for thermodynamic stability are very similar; they are based on the quantity ⌬E B ϵ ⌬E / N bonds , where N bonds is the number of intershell C-C bonds formed. This computation was carried out for both types of relative alignment resulting in cubic-diamond and hexagonal-diamond nanocrystals. The most important outcome of this computation is that the nanostructures with embedded cubic-diamond nanocrystals are always lower in energy, and therefore thermodynamically more stable, than those with embedded hexagonaldiamond nanocrystals. This is consistent with the difference between the cohesive energies of the corresponding bulk crystalline structures, as shown in Table I . Furthermore, for each MWCNT examined, the difference in ⌬E B between the two types of nanostructures ͑with embedded cubic-diamond vs hexagonal-diamond nanocrystals͒ is practically independent of the number of intershell C-C bonds, e.g., for the ͑50,50͒@͑55,55͒ DWCNT discussed in Sec. III A, ⌬E B = 0.32 eV ͑according to AIREBO-MD relaxation͒ independent of N bonds .
Finally, Fig. 12 shows relaxed structures of nanocrystals embedded in a MWCNT with more graphene walls, namely, a TWCNT, to simply illustrate the growth in size of these nanocrystalline phases with the availability of multiple graphene walls for further intershell C-C bonding. For simplicity, an armchair@armchair@armchair nanotube is chosen, ͑50,50͒@͑55,55͒@͑60,60͒, and nanocrystals are generated by intershell C-C bonding in regions of type-I and type-II alignment depicted in Figs. 12͑a͒ and 12͑b͒ , respectively, leading to a cubic-diamond and a hexagonal-diamond nanocrystal, respectively. Structural analysis, aided by the different close planar views of the nanocrystalline regions shown in Fig. 12 , highlights the symmetries of the cubicdiamond and hexagonal-diamond phases in the central regions of the nanocrystals and how these symmetries are broken at the corresponding boundary regions.
IV. SUMMARY AND CONCLUSIONS
In summary, we presented a systematic analysis of the nanocrystalline structures that can be generated as a result of the intershell C-C bonding between adjacent concentric graphene walls of MWCNTs. Our analysis was based on a combination of important geometrical, chemical, and structural elements of MWCNTs. This included a comprehensive exploration of the corresponding geometrical parameter space as determined by the indices of the individual nanotubes that comprise the MWCNT, first-principles densityfunctional theory calculations of intershell C-C bonding between adjacent graphene walls in MWCNTs, and moleculardynamics-based structural relaxation of the resulting FIG. 11. ͑Color online͒ Representative MD-relaxed local structures formed by the creation of intershell C-C bonds in a DWCNT with indices ͑110,0͒@͑95,38͒ and ⌬ = 16.1°. ͑a͒ Regions of the DWCNT where these relaxed structures are created, marked with black and blue circles, and local coordinate vectors used for structural analysis and visualization. Only the outer nanotube of the DWCNT is shown for clarity and the gray shading ͑coloring online͒ scheme is consistent with that of Fig. 3 . ͓͑b͒ and ͑c͔͒ Local structures that can act as seeds for the nucleation of ͑b͒ the cubicdiamond phase and ͑c͒ the hexagonal-diamond phase, extracted from the DWCNT. ͓͑d͒ and ͑e͔͒ Different planar views, ͑i͒, ͑ii͒, ͑iii͒, and ͑iv͒, of the structures given in ͑b͒ and ͑c͒, respectively, using the local coordinates defined in ͑a͒. In ͑b͒-͑e͒, light and dark gray ͑orange and green online͒ spheres are used to represent carbon atoms belonging to the outer and inner nanotube of the DWCNT, respectively. Crystalline structures embedded locally in a ͑50,50͒@͑55,55͒@͑60,60͒ MWCNT due to intershell C-C bonding that provide seeds for the nucleation of ͑a͒ cubic diamond and ͑b͒ hexagonal diamond. In both ͑a͒ and ͑b͒, a top view of the MWCNT with the embedded nanocrystal is shown on the left and three different close planar views of the nanocrystalline regions are shown on the right, corresponding from top to bottom to the planes ͑ , z͒, ͑r , ͒, and ͑r , z͒ in a cylindrical-coordinate system. intershell bonded nanocrystalline structures employing a well validated interatomic potential. These structures can be viewed as nuclei for the growth of cubic-diamond and hexagonal-diamond nanocrystals embedded in the MWCNTs. We derived systematic rules for the determination of the lattice structure of the resulting nanocrystals according to the chirality and the relative alignment of adjacent graphene walls in the MWCNT. We demonstrated the formation of these crystalline phases over a broad range of nanotube diameters and for any possible combination of zigzag, armchair, or chiral configurations of graphene walls. Finally, we found that the size of the generated nanocrystals due to such intershell bonding depends strongly on the chiral-angle difference between adjacent graphene walls in the MWCNT.
Although the emphasis of this study is not on the origin of the intershell C-C bonding in MWCNTs, we believe that this may be possible due to a number of experimental circumstances including the interaction of H atoms with the MWCNT graphene walls or increased pressure and temperature in shock tubes. We have generated numerous pathways of H-induced intershell C-C bond formation based on firstprinciples DFT calculations in conjunction with the climbing-image-nudged elastic band method; 59 these results will be reported in a forthcoming publication. Here, we only mention that in the absence of H atoms, our DFT calculations revealed that the formation of the seed structure for nucleation of the lonsdaleite phase on a ͑6,0͒@͑15,0͒ DWCNT, i.e., the two inner tubes of the TWCNT of Fig.   7͑a͒ , required overcoming an activation energy barrier over 3.8 eV; this value corresponds to the energy difference between the original DWCNT and that containing intershell C-C bonds as shown in Fig. 7͑a͒ , which is the higher-energy state. This implies that in the absence of H atoms, nucleation of the lonsdaleite phase is kinetically prohibited over the temperature range reported in experiments. 24 The calculated activation barriers are generally high for nucleation of either cubic or hexagonal diamond over the range of MWCNT chiralities and adjacent graphene wall alignments that we examined. In brief, our first-principles calculations indicate that the formation of crystalline seeds for the nucleation of the lonsdaleite and cubic-diamond crystalline phases is induced by H-MWCNT interactions, consistent with experiments which reported that MWCNT transformations are observed exclusively due to their exposure to a hydrogen plasma. 
